AD 


Award  Number:  W81XWH-04-1-0849 


TITLE:  AR-NcoR  Interaction  as  a  Therapeutic  Target  for  Prostate  Cancer  Prevention 
and  Treatment 


PRINCIPAL  INVESTIGATOR:  Steven  P.  Balk,  M.D.,  Ph.D. 


CONTRACTING  ORGANIZATION:  Beth  Israel  Deaconess  Medical  Center 

Boston,  MA  02215 


REPORT  DATE:  October  2005 


TYPE  OF  REPORT:  Annual 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and 
should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision 
unless  so  designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE  3.  DATES  COVERED  (From  -  To) 

01-10-2005  Annual  5  Sep  2004  -  4  Sep  2005 


4.  TITLE  AND  SUBTITLE  5a.  CONTRACT  NUMBER 

AR-NcoR  Interaction  as  a  Therapeutic  Target  for  Prostate  Cancer  Prevention 

and  Treatment  5b.  grant  number 

W81XWH-04- 1-0849 

5c.  PROGRAM  ELEMENT  NUMBER 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


6.  AUTHOR(S) 

Steven  P.  Balk,  M.D.,  Ph.D. 


E-mail:  sbalkffficareqroup. harvard.edu 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Beth  Israel  Deaconess  Medical  Center 
Boston,  MA  02215 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


14.  ABSTRACT 

Aim  1  is  to  determine  the  precise  molecular  basis  for  NCoR  binding  to  the  RU486  liganded  AR.  We  have  now  published  our 
data  showing  the  AR  N-terminus  makes  a  critical  contribution  to  NCoR  binding  (Hodgson,  et  al.  2005).  Our  recent  not  yet 
published  results  show  that  the  N1  CoRNR  box  of  NCoR  mediates  the  interaction  between  NCoR  and  the  AR  ligand  binding 
domain.  Aim  2  is  to  determine  whether  NCoR  recruitment  can  suppress  androgen  independent  expression  of  AR  regulated 
genes  and  prostate  cancer  growth,  and  identify  molecular  markers  that  predict  whether  RU486  (or  related  drugs)  will  be 
effective  in  particular  prostate  cancers  in  vivo.  Our  recent  data  have  shown  that  RU486  can  markedly  repress  the  growth  of 
androgen  independent  C4-2  prostate  cancer  cells,  and  that  this  correlates  with  downregulation  of  AR  regulated  genes.  Taken 
together,  these  results  reflect  substantial  progress  towards  determining  the  structural  basis  for  AR-NCoR  interaction  (Aim  1) 
and  determining  whether  this  interaction  can  be  exploited  to  treat  prostate  cancer  (Aim  2). 


15.  SUBJECT  TERMS 

Androgen  receptor,  NcoR,  Steroid  Hormone,  Antagonist,  Transcription 


16.  SECURITY  CLASSIFICATION  OF: 


a.  REPORT 

U 


b.  ABSTRACT 

U 


c.  THIS  PAGE 

u 


17.  LIMITATION 

18.  NUMBER 

OF  ABSTRACT 

OF  PAGES 

uu 

16 

USAMRMC 


19b.  TELEPHONE  NUMBER  (include  area 
code) 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 


Cover . 1 

SF  298 . 2 

Introduction . 4 

Body . 4 

Key  Research  Accomplishments . 6 

Reportable  Outcomes . 6 

Conclusions . 7 

References . 7 

Appendices . 7 


3 


INRODUCTION 

The  androgen  receptor  (AR)  plays  a  central  role  in  prostate  cancer  (PCa)  and  androgen  ablation 
therapy  is  the  standard  systemic  therapy  for  metastatic  PCa,  but  most  patients  relapse  with  an 
aggressive  stage  of  the  disease  termed  hormone  refractory  or  androgen  independent  PCa.  The 
AR  and  androgen  regulated  genes  are  still  expressed  in  androgen  independent  PCa,  indicating 
that  the  AR  remains  as  a  therapeutic  target  for  higher  affinity  pure  antagonists.  However,  such 
drugs  that  can  compete  with  dihydrotestosterone  (DHT)  for  AR  binding  have  not  been 
developed.  An  alternative  is  the  development  of  drugs  that  enhance  AR  recruitment  of  nuclear 
receptor  corepressors  (NCoR  or  SMRT),  as  such  drugs  could  actively  repress  AR  regulated 
genes.  We  have  shown  that  the  DHT  liganded  AR  binds  NCoR,  and  that  this  binding  can  be 
markedly  enhanced  by  RU486  (mifepristone),  a  steroidal  antagonist  of  the  progesterone  and 
glucocorticoid  receptors.  Our  hypothesis  is  that  enhancement  of  the  AR-NCoR  interaction  is 
a  therapeutic  approach  for  the  treatment  of  PCa,  including  advanced  androgen 
independent  PCa.  The  RU486  data  provide  a  “proof  of  principle”  that  the  AR-NCoR  interaction 
can  be  enhanced,  and  suggest  a  novel  mechanism  for  antagonist  binding  that  may  be  valuable  in 
the  further  development  of  high  affinity  AR  antagonists.  Aim  1  is  to  determine  the  precise 
molecular  basis  for  NCoR  binding  to  the  RU486  liganded  AR.  Aim  2  is  to  test  the 
hypothesis  that  NCoR  recruitment  can  suppress  androgen  independent  expression  of  AR 
regulated  genes  and  prostate  cancer  growth,  and  identify  molecular  markers  that  predict 
whether  RU486  (or  related  drugs)  will  be  effective  in  particular  prostate  cancers  in  vivo. 

BODY 

We  present  below  our  progress  toward  the  specific  aims. 

AR  N-terminus  is  required  for  AR-NCoR  interaction.  We  have  now  published  data  showing 
that  the  AR  N-tenninus  makes  a  critical  contribution  to  AR-NCoR  binding,  and  this  work  is 
detailed  in  the  attached  manuscript  (Hodgson  et  al.,  2005). 


NCoR  binding  to  the  RU486  liganded  AR  is  mediated  by  lysine  720  at  the  C-terminus  of  helix  3 

in  the  AR  LBD.  We  used  the  crystal  structure  of  the  antagonist  liganded  PPARy  LBD  bound  to  a 
SMRT  derived  CoRNR  box  peptide  (core  sequence  -LEAIIRKAL-)  as  a  model  for  understanding 
how  NCoR  might  bind  to  the  AR.  A  conserved  lysine  residue  at  the  C-terminal  end  of  helix  3 
(corresponding  to  K720  in  the  AR)  anchors  the  CoRNR  box  peptide  by  forming  3  hydrogen  bonds 
with  the  carbonyls  of  the  C-terminal  leucine  (residue  9  in  the  CoRNR  box)  and  its  flanking  amino 
acids.  This  same  lysine  similarly  anchors  the  C-terminal  leucine  in  the  coactivator  LXXLL  motif  and 
also  the  AR  N-terminal  FQNLF,  forming  one  end  of  a  charge  clamp.  The  CoRNR  box  forms  three 
helical  turns,  with  the  leucines  at  positions  1  and  9,  and  the  isoleucine  at  position  5,  forming  a 
hydrophobic  face  (underlined  above)  that  binds  to  helix  3.  Another  face  of  the  CoRNR  box  helix  is 
formed  by  glutamic  acid  at  position  2  and  arginine  at  position  6,  which  form  a  strong  intramolecular 
hydrogen  bond  and  also  hydrogen  bond  with  N303  and  K310  in  helix  4  of  PPARy,  which  correspond 
to  D731  and  Q738  in  helix  4  of  the  AR,  respectively. 
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We  first  mutated  K720  at  the  C -terminus  of  helix  3  in  the  AR  LBD  to  address  whether  NCoR 
binding  was  disrupted,  as  would  be  predicted  from  the  PPARy  structure.  As  expected,  a  K720A 
mutation  impaired  transactivation  by  the  DHT  liganded  AR,  although  the  effect  was  modest  (perhaps 
due  to  strong  hydrophobic  interactions  mediated  by  the  phenylalanines  in  the  AR  N-terminal  FQNLF 
peptide)  (Fig.  1).  Significantly,  the  K720A  mutation  markedly  impaired  interaction  of  the  NCoR  C- 
terminus  with  the  RU486  liganded  AR  (Fig.  1),  consistent  with  this  residue  anchoring  a  CoRNR  box. 


RU486  -  -  +  -  +  -  -  +  -  + 

VPI6-NC0R  -  -  -  +  +  -  -  -  +  + 

AR  WT  AR  K720A 

Fig.  1.  NCoR  binding  to  RU486  liganded  AR  is  impaired  by  K720A  mutation.  CV1  cells  were 
transfected  with  wild-type  or  K720A  mutant  AR,  VP16-NCoRc,  ARE4-luciferase  reporter,  and  control 
pRL-CMV  ( Renilla )  reporter.  They  were  then  treated  for  24  hrs  with  10  nM  DF1T,  10  nM  RU486,  or  no 
hormone.  Firefly  versus  Renilla  luciferase  activities  were  measure  from  triplicate  samples.  Relative  light 
units  (RLU)  reflect  normalized  firefly/Renilla  (+SD). 


NCoR  binding  to  the  RU486  liganded  AR  is  mediated  by  the  C-terminal  N1  CoRNR  box  in 
NCoR.  As  NCoR  deletion  mutants  indicated  that  both  N2  and  N1  were  required  for  robust  NCoR 
binding  to  the  RU486  liganded  full  length  AR,  we  next  examined  a  series  of  conservative  mutations 
in  the  N 1  and  N2  CoRNR  boxes  in  the  Gal4DBD-NCoR(  1 806-2454)  vector,  encoding  all  three 
receptor  interacting  domains  and  referred  to  as  Gal4DBD-NCoR(N3-Nl).  As  shown  previously, 
VP16-AR  binding  to  wild-type  Gal4DBD-NCoR(N3-Nl)  was  markedly  stimulated  by  RU486  (Fig. 
2A).  Strikingly,  a  double  alanine  mutation  in  N 1  (LEDII  to  LEDAA)  abrogated  binding,  while  the 
comparable  mutation  in  the  N2  CoRNR  box  (ICQII  to  ICQAA)  had  no  effect.  As  controls  to  confirm 
that  the  N 1  (AA)  protein  was  expressed  and  functional,  we  demonstrated  equivalent  expression  of  all 
three  proteins  by  immunoblotting  (not  shown)  and  that  they  all  interacted  with  the  unliganded  TRp, 
which  binds  NCoR  through  the  N3  CoRNR  box  (Fig.  2B). 


160-j  i  B  I6O1 

:-l  I  .  I  Till 

DHT  -  +  -  -  +  -  -  +  -  WT  +  + 

RU486  -  -  +  -  •  +  ■  ■  +  N1(AA)  -  + 

WT  N1(AA)  N2(AA)  N2(AA)  -  -  + 

-  VP16-TR 

Gal4DBD-NCoR(N3-N1) 


N3  IDVIITRQI 
N2  ICQIITQDF 


N1  LEDIIRKAL 


720 
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box 
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Fig.  2.  N1  CoRNR  mediates  binding  to  RU486  liganded  AR.  A,  CV1  cells  were  transfected  with 
wild-type  or  mutant  Gal4DBD-NCoR(N3-Nl),  VP16-AR,  pG5-luciferase  and  control  pRL-CMV 
reporters,  and  treated  with  10  nM  DF1T  or  RU486  in  steroid  depleted  medium,  as  indicated.  B,  cells  were 
transfected  as  in  A,  but  with  VP16-TRP  and  cultured  in  steroid  and  T;  depleted  medium.  C,  CoRNR  box 
sequences  and  diagram  of  N1  CoRNR  box  interactions  with  AR  helices  3  and  4. 
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Significantly,  the  sequence  of  the  extended  N 1  CoRNR  box  (LEDIIRKAL)  has  a  basic  arginine  at 
position  6,  as  well  as  the  glutamic  acid  at  position  2,  which  would  form  one  face  of  the  CoRNR  box 
helix  interacting  with  helix  4  in  the  AR  LBD.  As  diagrammed  in  figure  2C,  strong  interactions 
between  these  residues  and  aspartic  acid  (position  731)  and  glutamine  (position  738)  in  helix  4  of  the 
AR  LBD  may  stabilize  this  interaction.  Neither  the  N3  or  N2  CoRNR  boxes  have  both  acidic 
residues  at  position  2  and  basic  at  position  6,  although  these  are  present  in  the  N1  box  of  SMRT.  Site 
directed  mutagenesis  of  these  sites  is  being  done  to  assess  their  importance  and  potentially  generate 
additional  mutants  for  functional  studies.  In  any  case,  the  Nl(AA)  mutant  will  be  used  in  Aim  1  for 
functional  studies  correlating  AR-NCoR  binding  and  transcriptional  repression. 


RU486  represses  proliferation  of  LNCaP  derived  "androgen  independent"  C4-2  cells.  We 

showed  previously  that  RU486  strongly  repressed  growth  of  LNCaP  cells  in  medium  containing 
androgens  (RPMI-1640  with  10%  FBS)  and  could  further  suppress  the  growth  of  LNCaP  cells  grown 
in  steroid  hormone  depleted  medium  (RPMI-1640  with  10%  charcoal  dextran  stripped  FBS),  but  this 
latter  suppression  was  only  modest  (approximately  20%,  data  not  shown).  To  determine  whether 
RU486  would  suppress  "androgen  independent"  PCa  cells,  we  examined  the  LNCaP  subline  C4-2, 
derived  from  a  LNCaP  xenograft  that  relapsed  after  castration.  The  C4-2  cells  express  high  levels  of 
AR  and  appear  to  have  reactivated  AR  by  unclear  mechanisms  that  are  not  blocked  by  antiandrogens 
such  as  bicalutamide.  Indeed,  as  shown  in  figure  3,  C4-2  cells  proliferate  well  in  steroid  hormone 
depleted  medium  (S-phase  -19%)  versus  3-5%  for  the  parental  LNCaP  cells  (not  shown). 
Significantly,  proliferation  of  the  C4-2  cells  is  markedly  suppressed  within  24  hours  by  10  nM 
RU486  (S-phase  -3%),  with  a  corresponding  increase  in  G0/Gi  cells  (Fig.  3).  This  cell  cycle  arrest  is 
similar  to  what  occur  after  androgen  withdrawal  in  LNCaP  cells,  suggesting  that  RU486  may  be 
repressing  certain  androgen  responsive  growth  promoting  genes  that  are  reactivated  in  C4-2. 


10nMRU486  G1:79.4% 

S:  3.0% 

\ 

G2:  17.6% 

_ 

0  200  400  600  800  1000 


Fig.  3.  RU486  suppresses  proliferation  of  androgen  independent  C4-2  cells.  C4-2  cells  were  cultured 
in  steroid  hormone  depleted  medium  (10%  CDS-FBS)  and  then  treated  with  vehicle  (control)  or  RU486 
as  indicated  for  24  hrs.  Cell  cycle  distribution  was  determined  by  flow  cytometry  using  propidium 
iodide,  with  identical  results  in  a  replicate  experiment. 


KEY  RESEARCH  ACCOMPLISHMENTS 

1 .  Demostrated  that  AR  N-terminus  is  critical  for  AR-NCoR  interaction. 

2.  Demostrated  that  lysine  720  in  AR  LBD  is  critical  for  binding. 

3.  Identified  the  N 1  CoRNR  box  as  mediating  binding  to  the  AR  LBD. 

4.  Demonstrated  that  RU486  could  suppress  the  androgen  independent  C4-2  prostate  cancer  cell 
line. 

REPORTABLE  OUTCOMES 

One  new  manuscript  published  (attached)  (Hodgson  et  ah,  2005). 
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CONCLUSIONS 

We  have  made  substantial  progress  towards  detennining  the  structural  basis  for  AR-NCoR 
interaction  (Aim  1)  and  detennining  whether  this  interaction  can  be  exploited  to  treat  prostate 
cancer  (Aim  2). 
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The  androgen  receptor  (AR)  activates  target  gene  ex¬ 
pression  in  the  presence  of  agonist  ligands  via  the  re¬ 
cruitment  of  transcriptional  coactivators,  but  recent 
work  shows  that  overexpression  of  the  nuclear  core¬ 
pressors  NCoR  and  SMRT  attenuates  this  agonist-medi¬ 
ated  AR  activation.  Here  we  demonstrate  using  NCoR 
siRNA  and  chromatin  immunoprecipitation  that  endog¬ 
enous  NCoR  is  recruited  to  and  represses  the  dihy¬ 
drotestosterone  (DHT)-liganded  AR.  Furthermore  this 
study  shows  that  NCoR  and  coactivators  compete  for  AR 
in  the  presence  of  DHT.  AR  antagonists  such  as  bicalu- 
tamide  that  are  currently  in  use  for  prostate  cancer 
treatment  can  also  mediate  NCoR  recruitment,  but  mife¬ 
pristone  (RU486)  at  nanomolar  concentrations  is  unique 
in  its  ability  to  markedly  enhance  the  AR-NCoR  interac¬ 
tion.  The  RU486-liganded  AR  interacted  with  a  C-termi- 
nal  fragment  of  NCoR,  and  this  interaction  was  medi¬ 
ated  by  the  two  most  C-terminal  nuclear  receptor 
interacting  domains  (RIDs)  present  in  NCoR.  Signifi¬ 
cantly,  in  addition  to  the  AR  ligand  binding  domain,  the 
AR  N  terminus  was  also  required  for  this  interaction. 
Mutagenesis  studies  demonstrate  that  the  N-terminal 
surface  of  the  AR-mediating  NCoR  recruitment  was  dis¬ 
tinct  from  tau5  and  from  the  FXXLF  motif  that  mediates 
agonist-induced  N-C-terminal  interaction.  Taken  to¬ 
gether  these  data  demonstrate  that  NCoR  is  a  physiolog¬ 
ical  regulator  of  the  AR  and  reveal  a  new  mechanism  for 
AR  antagonism  that  may  be  exploited  for  the  develop¬ 
ment  of  more  potent  AR  antagonists. 


The  androgen  receptor  (AR),1  a  member  of  the  steroid/nu¬ 
clear  receptor  superfamily,  plays  a  critical  role  in  normal  male 
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development,  including  the  development  of  the  prostate  gland. 
In  addition,  AR  action  plays  a  fundamental  role  in  the  devel¬ 
opment  and  progression  of  prostate  cancer  (1-3).  Prostate  can¬ 
cers  are  initially  androgen  responsive  such  that  targeted  ther¬ 
apies  aimed  at  lowering  circulating  androgen  levels  are  the 
treatment  of  choice  for  metastatic  disease.  In  most  cases,  how¬ 
ever,  the  disease  becomes  progressive  and  unresponsive  to 
androgen  ablation  therapies.  This  progressive  stage  of  the  dis¬ 
ease,  referred  to  as  hormone  refractory  or  androgen-indepen- 
dent  prostate  cancer,  is  generally  heralded  by  the  re-expression 
of  androgen-regulated  genes  such  as  prostate-specific  antigen 
(PSA).  AR  gene  amplification  or  mutations  may  contribute  to 
this  re-expression  of  androgen-regulated  genes,  but  it  occurs 
mainly  through  undefined  molecular  mechanisms  that  allow 
for  AR  signaling  in  the  absence  of  ligand  or  at  reduced  systemic 
androgen  levels  (4-8).  Thus,  new  approaches  to  silence  AR 
signaling  may  have  important  therapeutic  ramifications  for  the 
therapy  of  both  early  and  late  stage  prostate  cancer. 

Members  of  the  steroid  receptor  superfamily  signal  in  a 
similar  fashion  based  on  their  structural  similarity  (9).  The 
addition  of  an  agonist  ligand  leads  initially  to  the  DNA  binding 
of  the  receptor,  followed  by  the  ordered  recruitment  of  both 
transcriptional  coactivators  and  other  mediators  to  the  ligand 
binding  domain.  This  leads  to  histone  modifications  including 
acetylation,  and  finally  to  transcriptional  activation  (10).  In 
contrast,  in  the  presence  of  a  hormone  antagonist,  steroid  re¬ 
ceptors  fail  to  recruit  coactivators.  Moreover,  certain  antago¬ 
nists  preferentially  stimulate  the  recruitment  of  nuclear  recep¬ 
tor  corepressors  to  target  promoters,  which  in  turn  recruit  a 
multiprotein  complex  that  leads  to  histone  deacetylation  and 
transcriptional  repression  (11-14). 

The  AR  is  structurally  similar  to  other  steroid  receptors  in 
that  it  is  recruited  to  target  elements  as  a  homodimer  and 
contains  a  high  affinity,  steroid-specific  ligand  binding  domain. 
However  the  AR  differs  in  the  molecular  mechanisms  by  which 
it  recruits  both  coactivators  and  corepressors.  Unlike  other 
family  members,  the  ligand-binding  domain  of  the  AR  prefer¬ 
entially  recruits  its  own  AF-1  domain  via  an  N-terminal 
FXXLF  motif,  which  interacts  strongly  with  the  hydrophobic 
cleft  of  the  LBD  created  by  ligand  binding  (15-19).  The  subse¬ 
quent  recruitment  of  coactivators,  in  particular  the  SRC  fam¬ 
ily,  is  then  mediated  primarily  by  the  AF -1  domain  rather  than 
by  the  LBD  (18,  20-23).  In  addition,  we  and  others  (24-28) 
have  shown  that  the  agonist-liganded  AR  can  recruit  the  core¬ 
pressors  NCoR  and  SMRT,  suggesting  that  agonist-dependent 
activation  of  the  AR  may  be  dependent  upon  the  relative  levels 
of  these  corepressors  versus  coactivators. 
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Besides  the  physiological  agonists  testosterone  and  DHT,  the 
AR  can  also  interact  with  many  other  steroidal  or  nonsteroidal 
drugs  that  function  as  relatively  pure  antagonists  (such  as 
hydroxyflutamide  and  bicalutamide)  or  as  partial  agonists  (29). 
Bicalutamide,  which  is  widely  used  for  prostate  cancer  treat¬ 
ment,  can  stimulate  the  AR  to  bind  DNA,  but  fails  to  recruit 
coactivators  and  can  mediate  the  recruitment  of  NCoR  to  the 
androgen-regulated  PSA  gene,  indicating  that  corepressor  re¬ 
cruitment  may  contribute  to  antagonist  activity  (30-32).  None¬ 
theless,  bicalutamide  has  limited  efficacy  in  the  advanced  an¬ 
drogen-independent  stage  of  prostate  cancer,  and  other  AR 
antagonists  are  similarly  ineffective  at  this  stage  of  the  disease 
(33).  As  enhancement  of  corepressor  recruitment  to  the  AR  may 
be  an  effective  approach  for  blocking  AR  signaling  in  prostate 
cancer,  this  study  further  examines  corepressor  recruitment  by 
AR  agonists  and  antagonists. 

Loss  of  function  experiments  were  carried  out  initially  using 
NCoR  siRNA,  in  conjunction  with  chromatin  immunoprecipi- 
tation  (ChIP).  These  confirmed  that  endogenous  NCoR  could 
negatively  regulate  the  activity  of  the  DHT-liganded  AR,  and 
indicated  that  AR  activity  may  be  regulated  by  the  relative 
levels  of  NCoR  and  coactivators.  Although  multiple  other  li¬ 
gands  could  mediate  AR-NCoR  interaction,  the  AR  partial  ag¬ 
onist  RU486  (mifepristone)  functioned  uniquely,  at  nanomolar 
concentrations,  as  a  strong  enhancer  of  this  interaction.  Signif¬ 
icantly,  while  NCoR  RIDs  and  the  AR  LBD  contributed  to 
AR-NCoR  binding,  this  was  markedly  enhanced  by  a  further 
interaction  with  the  AR  N  terminus  via  a  site  that  was  inde¬ 
pendent  of  the  N-terminal  FXXLF  motif.  These  results  demon¬ 
strate  that  NCoR  is  a  biological  regulator  of  AR  action,  and 
identify  a  new  role  for  the  AR  N  terminus  in  the  AR-NCoR 
interaction.  Moreover,  the  marked  enhancement  of  the  AR- 
NCoR  interaction  by  RU486,  but  not  by  AR  antagonists  cur¬ 
rently  in  clinical  use,  indicates  that  this  interaction  is  a  target 
for  the  development  of  new  potent  AR  antagonists. 

MATERIALS  AND  METHODS 

Plasmids  and  Reagents — Expression  vectors  for  AR  (pSVARo)  ERa 
(pcDNA-ERa),  NCoR  (PKCR2-NCoR),  and  SRC1  (pSG5-SRCl)  have 
been  described  previously  (24,  34,  35).  The  NCoRc  vector  (pKCR2- 
NCoRc)  was  referred  to  previously  as  NCoRI  and  encodes  the  C-termi- 
nal  amino  acids  1574—2454  of  NCoR  (numbering  is  based  on  murine 
NCoR).  VP16-NCoRc  encodes  the  three  NCoR  RIDs  from  NCoRc  fused 
to  the  VP16  transactivation  domain  in  the  AASWP16  vector  (amino 
acids  1806—2454).  Additional  fusion  protein  constructs  with  VP16  were 
constructed  in  the  pACT  vector,  while  fusions  to  the  Gal4  DNA  binding 
domain  were  in  the  pBind  vector  (Promega,  Madison,  WI).  The  VP16 
fusions  with  AR  include  VP16-AR  (encoding  the  full-length  AR),  VP16- 
ARDBD-LBD  (encoding  amino  acids  501-919),  VP16-ARNTD  (amino 
acids  1-500),  VP16-ARLBD  (amino  acids  661-919),  and  have  been 
described  (24).  Additional  NCoR  fragments  fused  to  VP  16  were  gener¬ 
ated  by  ligating  the  indicated  PCR-amplified  regions  (numbering  is 
based  on  the  murine  NCoR  sequence)  into  pACT  with  a  C-terminal  HA 
tag.  GST-NCoR  (N2N1)  contains  amino  acids  2063—2300  of  hNCoR 
fused  to  GST  in  PGEX4T1  and  has  been  described  previously  (36,  37) 
The  AR  mutant  F23A  was  kindly  provided  by  E.  Wilson.  The  mutants 
LF26,27AA  and  ARdel23-27  were  generated  from  pSVARo  using  the 
QuikChange  site-directed  mutagenesis  kit  (Stratagene,  La  Jolla,  CA). 
The  Gal4-NCoRc  CoRNR  box  mutants  were  described  previously  (34, 
35).  The  reporter  constructs  ARE4-luciferase,  containing  four  tandem 
copies  of  a  synthetic  ARE,  and  the  estrogen  response  element  (ERE2)- 
luciferase  containing  two  EREs  have  been  described  (24).  pG5-lucifer- 
ase,  regulated  by  five  tandem  Gal4  binding  sites,  and  pRL-CMV,  a  CMV 
promoter-regulated  Renilla  control,  were  from  Promega.  Dihydrotest¬ 
osterone  (DHT),  estradiol  (E2),  and  RU486  were  from  Sigma  and  were 
used  as  1:1000  stock  solutions  in  ethanol. 

Cell  Culture  and  Transfection — CV1  and  293T  cells  were  maintained 
in  Dulbecco’s  modified  Eagle’s  medium  supplemented  with  10%  fetal 
bovine  serum  (Hyclone,  Logan,  UT).  Cells  in  48-well  tissue  culture  plates 
in  DMEM  containing  10%  charcoal  dextran-stripped  fetal  bovine  serum 
(CDS-FBS,  Hyclone)  were  cotransfected  using  Lipofectamine  2000  (In- 
vitrogen).  Cells  were  transfected  with  50  ng  of  reporter  vector,  expression 


vector,  and  coregulators  (NCoR,  NCoRc,  SRC1)  except  where  indicated, 
and  with  1.25  ng  of  pRL-CMV  Renilla  vector  for  normalization.  After  24  h 
the  medium  was  replaced  with  fresh  DMEM/10%  CDS-FBS  medium 
containing  hormones  or  drugs  at  the  indicated  final  concentrations.  Fol¬ 
lowing  a  further  24  h,  firefly,  and  Renilla  luciferase  activities  were  as¬ 
sayed  with  the  dual-luciferase  assay  system  from  Promega  as  per  the 
supplier’s  instructions.  All  samples  were  in  triplicate  or  quadruplicate 
and  firefly  luciferase  activities  were  normalized  for  cotransfected  Renilla 
activity.  To  assess  expression  of  transfected  proteins,  lysates  from  repli¬ 
cate  wells  were  prepared  in  1%  SDS,  run  on  8  or  10%  SDS-PAGE,  and 
immunoblotted  with  anti-HA  (Covance)  or  anti-AR  antibodies  (Santa 
Cruz  Biotechnology)  (1:1000  dilutions  incubated  overnight  at  4  °C),  fol¬ 
lowed  by  horseradish  peroxidase-conjugated  anti-mouse  or  rabbit  Ig  sec¬ 
ondaries  (Promega)  and  ECL  (Amersham  Biosciences). 

RNA  Interference — Vectors  expressing  hairpin  small  interfering 
RNAs  (siRNA)  under  the  control  of  the  mouse  U6  promoter  were  con¬ 
structed  by  inserting  pairs  of  annealed  DNA  oligonucleotides  into 
pBS/U6  plasmid  (a  gift  of  Y.  Shi)  at  Apal-EcoRI  sites  (38).  The  target 
sequence  for  NcoR  was:  5 ' -GGGCTTATGGAGGACCCTATGA-3 ' .  To  as¬ 
sess  effects  on  AR  transactivation,  this  siRNA  plasmid  (pU6-NCoR)  or 
a  control  laminin  siRNA  plasmid  (pU6-laminin)  were  cotransfected 
with  the  AR  expression  vector  and  the  indicated  reporters.  To  assess 
protein  expression,  cells  in  6-well  plates  were  transfected  with  0. 1-1.6 
pg  of  vector  per  well.  At  48  h  after  transfection  the  cells  were  collected, 
and  nuclear  extracts  were  isolated  (39).  Nuclear  proteins  were  sepa¬ 
rated  by  electrophoresis  in  10%  SDS-polyacrylamide  gels  and  trans¬ 
ferred  overnight  to  nitrocellulose  membranes.  Blots  were  probed  with  a 
1:500  dilution  of  an  affinity-purified  anti-NCoR  antiserum  in  Tris- 
buffered  saline  containing  5%  nonfat  milk  and  0.05%  Tween  20,  fol¬ 
lowed  by  horseradish  peroxidase-conjugated  anti-rabbit  antibody  (Am¬ 
ersham  Biosciences)  at  1:1000  dilution  (24).  The  blots  were  visualized 
using  ECL  Plus  Western  blotting  detection  system. 

Chromatin  Immunoprecipitation — LNCaP  prostate  cancer  cells 
grown  to  —80%  confluence  in  10-cm  plates  were  switched  to  steroid 
hormone-depleted  medium  (RPMI  1640/10%  CS-FCS)  for  48  h  and  then 
exposed  to  10  nM  DHT  for  varying  times.  Plates  were  then  rinsed  with 
PBS  and  fixed  for  10  min  at  room  temperature  with  1%  formaldehyde  in 
PBS.  After  rinsing  twice  with  ice-cold  PBS,  cross-linking  was  termi¬ 
nated  by  scraping  cells  into  1  ml  of  100  mM  Tris,  pH  9.4  and  10  mM 
dithiothreitol  and  incubating  at  30  °C  for  15  min.  Cell  pellets  were  then 
washed  twice  with  PBS  and  resuspended  in  0.3  ml  of  lysis  buffer  (1% 
SDS,  10  mM  EDTA,  50  mM  Tris,  pH  8.1,  and  protease  inhibitors). 
Chromatin  was  sheared  to  300-1000  bp  with  three  sequential  10  s 
pulses  at  70%  power  with  a  micro  tip  ultrasonic  cell  dismembrator 
(Fisher).  Cell  debris  was  pelleted  at  10,000  X  g,  and  the  supernatant 
was  precleared  with  10  pg  of  sheared  salmon  sperm  DNA,  20  pi  of 
non-immune  sera,  and  20  p\  of  a  50%  slurry  of  protein  A-Sepharose. 
Immunoprecipitation  was  with  500  ng  of  AR  N-terminal  rabbit  poly¬ 
clonal  antibody  (PG-21,  Upstate  Biotechnology),  affinity-purified  NCoR 
C-terminal  anti-peptide  antibody  (24)  or  a  nonspecific  control  antibody, 
2  pg  of  sheared  salmon  sperm  DNA,  and  20  p\  of  a  50%  slurry  of  protein 
A-Sepharose.  Precipitates  were  washed  three  times  with  300  mM  NaCl, 
50  mM  Tris,  pH  8.0,  2.7  mM  KC1,  0.05%  Tween-20  and  1%  deoxycholate. 
Three  additional  washes  with  10  mM  Tris,  1  mM  EDTA  were  performed 
and  then  beads  were  eluted  three  times  with  35  pi  of  1%  SDS  and  100 
mM  NaHC03  at  37  °C  for  10  min  each.  Eluates  were  pooled  and  incu¬ 
bated  at  65  °C  overnight  to  reverse  cross-links.  Products  were  then 
purified  with  QiaQuick  PCR  purification  spin  resin  (Qiagen,  Valencia, 
CA)  and  10%  of  the  eluate  was  subjected  to  50  cycles  of  PCR  amplifi¬ 
cation  with  steps  of  94  °C,  55  °C,  and  72  °C  for  1  min  each.  The  primers 
for  the  p21  cyclin-dependent  kinase  promoter  were  5'-AAGCTCCCTC- 
CTGGACCCAGA-3 '  and  5 ' -C AAGCCTC AGAGC ATC AG-3 ' ;  and  for  the 
PSA  promoter  5 '  -GAGAGCTAGC ACTTGCTGTT-3 '  and  5'-AGTTCTA- 
GTTTCTGGTCTCA-3'.  PCR  products  were  analyzed  by  gel  electro¬ 
phoresis  and  ethidium  bromide  staining  in  4%  agarose  gels. 

GST  Pull-down  Assays — GST-NCoR  (N2N1)  and  GST  alone  were 
produced  as  described  previously  and  purified  using  glutathione-agar¬ 
ose  beads  (36,  37)  and  there  integrity  was  visualized  on  SDS-PAGE.  To 
derive  the  indicated  AR  moiety,  CV 1  cells  in  60-mm  plates  were  trans¬ 
fected  with  either  full-length  AR,  AR  N-DBD,  or  D-LBD  as  described 
above.  After  24  h,  medium  was  replaced  with  fresh  medium  with  or 
without  10  nM  DHT  or  RU486.  Cells  were  washed  twice  with  ice-cold 
PBS  and  extracts  prepared  by  scraping  cells  into  0.75  ml  of  lysis  buffer 
(PBS,  5%  glycerol,  0.05%  Triton  X-100  and  protease  inhibitors).  Lysates 
were  incubated  on  ice  for  5  min  and  sonicated  with  two  sequential  5-s 
pulses  at  30%  power  with  a  microtip  ultrasonic  dismembrator  (Fisher) 
and  centrifuged  at  4  °C  to  pellet  insoluble  material.  Cell  extracts  were 
precleared  with  GST  agarose  beads  for  2  h  at  4  °C  on  a  rotating  wheel. 
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Fig.  1.  Decreased  nuclear  NCoR  levels  enhance  AR-mediated 
action.  A,  CV1  cells  were  transfected  with  AR,  an  ARE4-luciferase 
reporter,  and  a  control  CMV-regulated  Renilla  luciferase  plasmid  (pRL- 
CMV),  and  plasmids  expressing  NCoR  siRNA  (pU6-NCoR)  or  control 
laminin  siRNA  (pU6-Lam),  using  Lipofectamine.  Transfectants  in  ste¬ 
roid  hormone-depleted  medium  (DMEM  with  10%  charcoal  dextran- 
stripped  fetal  bovine  serum)  were  stimulated  for  24  h  with  DHT  as 
indicated  and  luciferase  versus  Renilla  luciferase  activities  were  deter¬ 
mined  from  triplicate  samples  (expressed  as  RLU  ±  S.E.).  B,  nuclear 
extracts  were  prepared  from  CV1  cells  transfected  with  either  pU6-Lam 
or  pU6-NCoR.  Equal  amounts  were  loaded  onto  SDS-PAGE.  The  result¬ 
ing  transferred  proteins  were  probed  with  NCoR  antiserum  and  ex¬ 
posed  using  chemiluminescence.  C,  CV1  cells  were  transfected  as  in  A 
but  with  a  plasmid  encoding  the  AR  N  terminus  and  DBD,  AR  N-DBD. 


Cleared  lysates  were  incubated  for  16  h  with  or  without  10  nM  DHT  or 
RU486  at  4  "C  on  a  rotating  wheel  in  the  presence  of  equal  amounts  of 
GST  or  GST-NCoR  (N2N1)  agarose  beads.  The  beads  were  washed  once 
with  ice-cold  lysis  buffer  and  three  times  with  ice-cold  PBS  and  bound 
proteins  were  eluted  by  boiling  in  Laemmli  sample  buffer  (Promega), 
run  on  12%  SDS-PAGE  and  blotted  onto  nitrocellulose  membranes.  To 
visualize  AR  proteins,  Western  blots  were  probed  with  either  a  poly¬ 
clonal  antiserum  recognizing  the  first  20  or  last  19  residues  of  hAR 
(Santa  Cruz  Biotechnology).  Five  percent  of  total  cell  lysates  was  loaded 
as  input. 


RESULTS 

NCoR  Down-regulation  Enhances  AR  Transcriptional  Activ¬ 
ity — Previous  studies  have  shown  that  transfected  NCoR  could 
repress  the  transcriptional  activity  of  the  DHT-liganded  AR 
(24).  RNAi  was  used  to  directly  address  whether  endogenous 
NCoR  functions  as  a  negative  regulator  of  AR  transcriptional 
activity.  CV1  cells  were  transfected  with  an  AR  expression 
vector  and  AR-regulated  luciferase  reporter  gene,  with  or  with¬ 
out  plasmids  encoding  an  NCoR  or  control  siRNA  expression 
vector  (pU6-NCoR  or  pU6-laminin,  respectively).  As  shown  in 
Fig.  1 A,  AR  transcriptional  activity  was  augmented  by  the 
NCoR  siRNA,  but  not  the  control  siRNA  plasmid.  Consistent 
with  this  result,  immunoblotting  showed  that  NCoR  protein 
expression  was  markedly  down-regulated  by  the  NCoR  siRNA 

(Fig.  1.B). 

We  showed  previously  that  repression  of  AR  transcriptional 
activity  by  transfected  NCoR  was  dependent  upon  an  interac¬ 
tion  between  NCoR  receptor  interacting  domains  and  the  AR 
LBD  (24).  Therefore,  another  control  for  nonspecific  siRNA 
effects  was  to  examine  whether  enhancement  of  AR  activity  by 
the  NCoR  siRNA  was  dependent  on  the  AR  LBD.  In  contrast  to 
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Fig.  2.  NCoR  levels  do  not  influence  ER-mediated  action.  CV1 

cells  were  transfected  with  either  ERa  and  an  ERE-Luc  reporter  or  the 
AR  and  the  ARE4-Luc  reporter.  All  transfections  also  included  the 
pRL-CMV  control  as  well  as  well  as  the  indicated  amounts  of  pU6- 
NCoR.  Cells  were  treated  with  the  indicated  ligands  for  24  h,  and 
luciferase  versus  Renilla  luciferase  activities  were  determined  from 
triplicate  samples  (expressed  as  RLU  ±  S.E.). 

full-length  AR,  an  AR  expression  vector  with  the  LBD-deleted 
(AR  N-DBD,  encoding  the  N  terminus  and  DBD)  was  constitu- 
tively  active  in  the  absence  of  DHT  and  was  not  stimulated  by 
the  NCoR  siRNA  (Fig.  1C). 

As  a  further  control,  we  examined  the  estradiol-liganded 
ERa.  Whereas  NCoR  can  interact  with  ERa  when  it  is  liganded 
by  certain  partial  agonists,  the  estradiol-liganded  ERa  is  not 
represssed  by  NCoR  transfection.  As  shown  in  Fig.  2,  the  NCoR 
siRNA  did  not  enhance  the  activity  of  the  estradiol-liganded 
ERa,  while  AR  activity  was  again  markedly  enhanced  in  the 
same  experiment.  Taken  together,  these  data  supported  the  con¬ 
clusion  that  endogenous  NCoR  functions  to  suppress  the  tran¬ 
scriptional  activity  of  the  agonist-liganded  AR. 

NCoR  Is  Recruited  to  Androgen-regulated  Genes  by  the  En¬ 
dogenous  DHT-liganded  AR  in  Prostate  Cancer  Cells — Al¬ 
though  we  have  been  able  to  markedly  down-regulate  NCoR 
expression  by  siRNA  and  enhance  AR  activity  in  CV1  and  293T 
cells  (data  not  shown)  efforts  to  substantially  down-regulate 
NCoR  protein  in  a  prostate  cancer  cell  line  expressing  endog¬ 
enous  AR  have  not  yet  been  successful.  Therefore,  chromatin 
immunoprecipitation  was  used  as  an  alternative  approach  to 
test  the  hypothesis  that  NCoR  associates  with  the  DHT-ligan¬ 
ded  endogenous  AR  and  is  recruited  to  AR-regulated  genes. 
Androgen  responsive  LNCaP  prostate  cancer  cells  were  grown 
in  steroid  hormone-depleted  medium  for  2  days,  and  were  then 
pulsed  with  DHT.  Chromatin  was  cross-linked  with  formalde¬ 
hyde  at  varying  times  after  the  DHT  pulse,  and  sheared  chro¬ 
matin  was  immunoprecipitated  with  anti-AR,  anti-NCoR,  or 
control  antibodies.  PCR  was  then  used  to  assess  AR  and  NCoR 
recruitment  to  AREs  in  the  p21  cyclin-dependent  kinase  inhib¬ 
itor  promoter  and  PSA  regulatory  regions.  As  shown  in  Fig.  3A, 
DHT  treatment  led  to  the  recruitment  of  AR  to  the  p21  gene. 
Significantly,  NCoR  was  not  associated  with  the  p21  ARE  in 
the  absence  of  DHT,  consistent  with  the  lack  of  AR  binding,  but 
became  associated  after  DHT  treatment.  Interestingly,  the 
binding  of  both  AR  and  NCoR  appeared  to  be  transient  based 
on  this  method,  as  has  been  reported  previously  for  AR  and 
ERa  (31). 

DHT  similarly  induced  the  association  of  both  AR  and  NCoR 
with  the  PSA  promoter  (Fig.  3 B),  as  well  as  the  ARE  in  the  PSA 
enhancer  (data  not  shown).  In  this  experiment  the  AR  and 
NCoR  association  was  not  detected  until  30-45  min,  and  it 
persisted  for  at  least  2  h.  More  rapid  and  transient  association 
of  both  AR  and  NCoR  have  been  observed  in  other  experiments 
(data  not  shown),  and  the  basis  for  the  variable  recruitment 
kinetics  are  not  yet  clear.  Nonetheless,  a  consistent  correlation 
has  been  observed  between  AR  and  NCoR  recruitment  in  re- 
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Fig.  3.  NCoR  is  recruited  to  both  the  p21  and  PSA  promoters 
in  the  presence  of  DHT.  A,  LNCaP  cells  were  treated  with  DHT  for 
the  indicated  number  of  minutes,  fixed,  sheared,  and  immunoprecipi- 
tated  with  the  indicated  antibodies  (rabbit  anti-PDGF  receptor  anti¬ 
body  was  used  as  a  negative  control).  After  reversing  the  cross-links  the 
solubilized  chromatin  was  subjected  to  PCR  with  primers  spanning  the 
p21  ARE  or  control  primers  for  the  human  cdl  gene.  The  resulting  PCR 
products  were  resolved  on  ethidium  bromide-stained  agarose  gels.  Also 
shown  is  PCR  from  input  chromatin  used  with  the  AR,  NCoR,  and 
control  antiserum.  B,  an  identical  paradigm  was  used  on  precipitated 
DNA  complexes  treated  as  above  and  PCR-amplified  with  primers  in 
the  PSA  promoter  flanking  the  ARE. 

sponse  to  DHT.  It  should  be  noted  that  previous  studies  have 
shown  NCoR  recruitment  by  antagonist  (bicalutamide)-ligan- 
ded  AR,  but  not  the  DHT-liganded  AR  (31,  32).  The  basis  for 
this  difference  is  not  clear,  but  may  reflect  the  distinct  affinity 
purified  anti-NCoR  antibodies  used  in  this  study.  In  any  case, 
these  data  in  conjunction  with  the  siRNA  results  indicate  that 
endogenous  NCoR  contributes  to  the  regulation  of  AR  tran¬ 
scriptional  activity. 

NCoR  Represses  SRC-1  Enhancement  ofAR  Transcriptional 
Activity — We  reported  previously  that  NCoR  repression  of  AR 
transcriptional  activity  was  independent  of  the  HDAC-inter- 
acting  repressor  domains  in  the  NCoR  N  terminus,  as  repres¬ 
sion  was  observed  in  the  presence  of  trichostatin  A  (24).  More¬ 
over,  AR  could  be  repressed  by  the  NCoR  C  terminus,  encoding 
the  receptor-interacting  domains  (RIDs),  independently  of  the 
repressor  domains  in  the  NCoR  N  terminus.  Significantly,  re¬ 
pression  was  abrogated  by  mutations  in  the  three  NCoR 
CoRNR  box  motifs  (LOTI)  present  in  the  RIDs,  which  are 
presumed  to  interact  with  helices  3-5  in  the  coactivator/core¬ 
pressor  binding  site  of  the  AR  LBD.  This  suggested  that  re¬ 
pression  might  be  caused  by  NCoR  inhibition  of  the  AR  N-C- 
terminal  interaction,  as  an  LXXLL-like  motif  in  the  AR  N 
terminus  normally  associates  with  the  AR  LBD  and  makes  a 
major  contribution  to  AR  transcriptional  activity.  However, 
NCoR  could  also  repress  AR  activation  by  partial  agonists  that 
do  not  mediate  AR  N-C-terminal  interaction,  and  did  not  block 
the  interaction  between  the  AR  N  terminus  and  the  DHT- 
liganded  AR  LBD  in  mammalian  two-hybrid  protein  interac¬ 
tion  assays  (data  not  shown). 

An  alternative  possible  mechanism  for  AR  repression  by 
NCoR  is  inhibition  of  coactivator  binding.  Consistent  with  this 
mechanism,  transfection  of  the  NCoR  C  terminus  strongly  re¬ 
pressed  AR  coactivation  by  SRC-1  (Fig.  4A).  Importantly,  pre¬ 
vious  studies  have  shown  that  SRC-1  binding  to  the  AR  is 
mediated  primarily  by  the  AR  N  terminus,  with  little  or  no 
interaction  between  the  NR  boxes  in  SRC-1  and  the  AR  LBD. 
This  suggested  that  NCoR  might  be  inhibiting  SRC-1  binding 
by  interacting  directly  with  the  AR  N-terminal  domain.  This 
was  tested  by  examining  whether  the  NCoR  C  terminus,  ex- 
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Fig.  4.  NCoR  blocks  AR  action  via  functional  interactions  with 
both  AR  N  terminus  and  C  terminus.  A,  CV1  cells  were  cotrans¬ 
fected  with  the  AR,  the  ARE4-Luc  promoter  and  the  pRL-CMV  control. 
In  addition  cells  were  transfected  with  expression  plasmids  for  NCoRc 
and  either  pSG5-SRC-l  or  pSG5  alone.  Transfectants  in  steroid  hor¬ 
mone-depleted  medium  (DMEM  with  10%  charcoal  dextran-stripped 
fetal  bovine  serum)  were  stimulated  for  24  h  with  DHT  as  indicated. 
Luciferase  versus  Renilla  luciferase  activities  were  determined  from 
triplicate  samples  (expressed  as  RLU  ±  S.E.).  B  and  C,  CV1  cells  were 
transfected  as  in  A  with  either  an  expression  plasmid  for  the  AR  N 
terminus  and  DNA-binding  domain  fused  to  VP16  ( B ,  VP16-ARN-DBD) 
or  the  AR  N  terminus  and  DNA  binding  domain  alone  (C,  AR  N-DBD), 
the  ARE4-Luc-reporter  and  the  pRL-CMV  control  with  increasing 
amounts  of  NCoRc.  D,  CV1  cells  were  transfected  as  above  with  an 
expression  plasmid  for  the  AR  DBD-LBD  fused  to  VP16  (VP16-AR 
DBD-LBD),  the  ARE  Luc-reporter  and  the  pRL-CMV  control  with  in¬ 
creasing  amounts  of  NCoRc. 


pressed  at  high  levels,  could  repress  the  constitutive  activity  of 
the  AR  N-terminal  domain. 

CV1  cells  were  transfected  with  an  AR  N-DBD  fragment 
(encoding  the  AR  N  terminus  and  DNA  binding  domain),  which 
had  high  androgen-independent  activity  on  an  ARE  reporter 
gene  when  fused  to  VP16  (Fig.  4 B).  Significantly,  this  activity 
was  strongly  repressed  by  contransfection  with  NCoRc.  It 
should  be  noted  that  this  repression  required  the  high  level 
expression  of  transfected  NCoRc,  consistent  with  a  relatively 
low  affinity  interaction  and  the  failure  of  NCoR  siRNA  to 
enhance  the  activity  of  the  AR  N-DBD  fragment  (Fig.  1C).  To 
confirm  that  this  interaction  was  not  dependent  on  the  VP16 
domain,  we  tested  the  AR  N-DBD  fragment  alone  on  the  ARE 
reporter.  As  shown  in  Fig.  4C,  this  construct  had  less  activity 
than  the  VP16  fusion,  but  was  also  inhibited  by  cotransfected 
NCoRc.  The  repression  seen  in  these  experiments  was  specific 
as  there  was  no  effect  on  control  CMV-regulated  reporters 
(data  not  shown).  Moreover,  although  NCoRc  can  interact  with 
the  AR  LBD,  it  did  not  repress  the  transcriptional  activity  of 
the  AR  DBD  and  LBD  fused  to  the  VP16  transactivation  do¬ 
main  (pACT-AR  DBD-LBD)  (Fig.  4 D).  Taken  together,  these 
results  indicated  that  NCoR  can  interact  with  both  the  AR  N 
and  C  termini,  and  that  the  relative  levels  of  NCoR  versus 
coactivator  proteins  may  regulate  AR  transcriptional  activity. 

NCoR  Interaction  with  AR  Is  Enhanced  by  RU486 — To  fur¬ 
ther  assess  the  mechanisms  mediating  NCoR  interaction  with 
AR,  and  whether  NCoR  binding  can  be  influenced  by  the  con¬ 
formation  of  the  AR  LBD,  we  next  examined  a  series  of  AR 
partial  agonists  and  antagonists.  Of  particular  interest  was 
whether  enhanced  NCoR  binding  might  contribute  to  the  ef¬ 
fects  of  certain  AR  antagonists.  To  directly  assay  NCoR-AR 
binding,  we  carried  out  mammalian  two-hybrid  protein  inter¬ 
action  assays  using  the  NCoR  C  terminus  fused  to  the  Gal4 
DBD  (Gal4-NCoRc)  and  full-length  AR  fused  to  the  VP16  trans- 
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Fig.  5.  RU486  potently  enhances 
the  recruitment  of  NCoR  by  the  AR. 

A,  CV1  cells  were  cotransfected  with  ex¬ 
pression  plasmids  for  the  full-length  AR 
fused  to  VP16,  and  NCoRc  to  the  Gal4- 
DNA  binding  domain  as  well  as  a  multim- 
erized  UAS-Luc  reporter  (pG5-Luc)  and 
the  pRL-CMV  control.  The  indicated  li¬ 
gands  were  added  for  24  h,  and  luciferase 
versus  Renilla  luciferase  activities  were 
determined  from  triplicate  samples  The 
data  are  expressed  as  RLU  ±  S.E.  B  and 
C,  CV1  cells  were  transfected  with  ex¬ 
pression  plasmids  for  the  full-length  AR 
and  VP16-NCoRc  in  the  presence  of  the 
ARE4-Luc  reporter  or  the  PSA  enhancer- 
promoter  linked  to  luciferase.  Cells  were 
treated  for  24  h  with  DHT  or  RU486,  and 
luciferase  versus  Renilla  luciferase  activ¬ 
ities  were  determined  from  triplicate 
samples.  D,  CV1  cells  were  cotransfected 
with  the  full-length  AR  expression  vector, 
the  ARE4-Luc  reporter  and  the  pRL-CMV 
control  with  increasing  amounts  of  pU6- 
NCoR.  Cells  were  treated  for  24  h  with 
RU486  and  luciferase  versus  Renilla  lucif¬ 
erase  activities  were  determined  from 
triplicate  samples. 
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activation  domain  (VP16-AR),  in  conjunction  with  the  pG5- 
luciferase  reporter  (containing  five  tandem  Gal4  elements  rec¬ 
ognized  by  the  Gal4  DBD).  Consistent  with  our  previous  data, 
a  weak  ligand-independent  interaction  between  NCoR  and  AR 
could  be  detected,  and  this  was  not  enhanced  by  DHT  (Fig.  5A). 
Similarly  to  DHT,  the  NCoR-AR  interaction  was  not  substan¬ 
tially  enhanced  by  a  series  of  other  partial  agonists  or  antago¬ 
nists,  including  bicalutamide  (Fig.  5A),  hydroxyflutamide, 
cyproterone  acetate,  estradiol,  progesterone,  or  androstenedi- 
one  (data  not  shown). 

In  contrast,  the  NCoR-AR  interaction  was  markedly  en¬ 
hanced  by  RU486  (mifepristone)  (Fig.  5 A).  RU486  was  origi¬ 
nally  identified  as  a  steroidal  antagonist  of  the  GR  and  PR,  and 
more  recent  data  have  shown  that  NCoR  interacts  with  the 
RU486-liganded  GR  and  PR  (13,  40-42).  Two  very  recent  re¬ 
ports  also  indicate  that  NCoR  binds  to  the  RU486-liganded  AR 
(28,  43).  The  unique  structural  feature  of  RU486  is  a  bulky  11-/3 
substitution  that  appears  to  interact  with  helix  3  and  prevent 
the  formation  of  the  coactivator  binding  site.  To  confirm  that 
RU486  could  mediate  NCoR  recruitment  to  the  unmodified  AR, 
we  examined  the  effect  of  a  VP16-NCoRc  fusion  protein  on  AR 
transactivation  of  an  ARE-regulated  reporter  gene.  The  VP16- 
NCoRc  construct  did  not  significantly  enhance  the  transcrip¬ 
tional  activity  of  the  DHT-liganded  AR,  and  was  inhibitory  in 
some  experiments  (presumably  due  to  disruption  of  coactivator 
recruitment  despite  the  VP16  transactivation  domain)  (Fig. 
5 B).  In  contrast,  the  RU486-liganded  AR  was  markedly  coac¬ 
tivated  by  VP16-NCoRc,  indicating  that  NCoR  could  be 
strongly  recruited  to  an  ARE  by  the  unmodified  RU486-ligan- 
ded  AR. 

Given  that  these  experiments  employed  a  multimerized  ar¬ 
tificial  ARE,  we  next  asked  whether  NCoR  could  be  recruited 
by  RU486  to  the  physiological  AREs  regulating  the  PSA  gene. 
As  shown  in  Fig.  5 C,  RU486  functioned  as  a  weak  partial  AR 
agonist  when  assayed  on  a  luciferase  reporter  regulated  by  the 
PSA  upstream  region,  containing  the  androgen-regulated  PSA 
promoter  and  enhancer.  Cotransfection  with  VP16-NCoRc  did 
not  substantially  alter  DHT-stimulated  activity,  but  markedly 
enhanced  the  activity  of  the  RU486-liganded  AR,  confirming 
NCoR  recruitment  to  a  physiological  reporter.  These  results 


suggested  that  recruitment  of  endogenous  NCoR  might  contrib¬ 
ute  to  the  AR  antagonist  activity  of  RU486.  This  was  tested  by 
cotransfection  with  an  NCoR  siRNA  construct.  As  shown  in 
Fig.  5 D,  the  weak  agonist  activity  of  RU486  toward  the  AR  was 
enhanced  by  NCoR  siRNA,  indicating  that  recruitment  of  en¬ 
dogenous  NCoR  contributed  to  RU486  antagonist  activity.  It 
should  be  noted  that  the  level  of  transcriptional  activity  ob¬ 
tained  with  the  RU486-liganded  AR  and  NCoR  siRNA  was  still 
modest  compared  with  the  DHT-liganded  AR.  This  modest 
activity  is  consistent  with  the  minimal  ability  of  the  RU486- 
liganded  AR  to  recruit  coactivators,  as  assessed  by  SRC-1  or 
SRC-2  cotransfections  (data  not  shown),  and  lack  of  N-C-ter- 
minal  interaction  (see  below),  but  may  also  reflect  recruitment 
of  other  corepressors. 

AR  N  Terminus  Is  Required  for  NCoR  Recruitment  by  the 
RU486-liganded  AR — Further  experiments  were  carried  out  to 
determine  the  mechanism  of  NCoR  interaction  with  the 
RU486-liganded  AR.  Binding  to  the  AR  LBD  was  assessed 
using  an  AR  DBD-LBD  construct,  which  has  minimal  tran¬ 
scriptional  activity  in  the  absence  of  the  N  terminus  on  a  ARE 
(ARE4-Luc-Fig.  6A).  The  AR  N  terminus  (expressed  as  a 
VP16-AR  N-terminal  fusion  protein)  interacted  with  the  AR 
DBD-LBD  in  the  presence  of  DHT,  reflecting  the  LXXLL-like 
motif  in  the  AR  N  terminus  that  interacts  strongly  with  the 
agonist-liganded  coactivator  binding  site  in  the  AR  LBD  (Fig. 
6A).  In  contrast,  RU486  did  not  induce  an  interaction  between 
the  AR  N  terminus  and  LBD,  consistent  with  the  RU486- 
liganded  AR  LBD  assuming  a  non-agonist  conformation.  How¬ 
ever,  despite  the  strong  interaction  between  NCoR  and  the 
RU486-liganded  full-length  AR,  the  RU486-liganded  AR  DBD- 
LBD  failed  to  interact  detectably  with  the  VP16-NCoRc  protein 
(Fig.  6A). 

Similar  results  were  obtained  in  a  two-hybrid  protein  bind¬ 
ing  assay  using  the  AR  LBD  fused  to  the  Gal4  DNA  binding 
domain.  This  fusion  protein  interacted  very  strongly  with  the 
AR  N  terminus  in  the  presence  of  DHT,  but  there  was  no 
detectable  interaction  between  the  RU486-liganded  Gal4  AR- 
LBD  and  VP16-NCoRc  (Fig.  6 B).  Efforts  to  detect  such  an 
interaction  using  higher  concentrations  of  RU486  (up  to  10  pM ) 
or  of  the  VP16-NCoRc  protein  were  also  unsuccessful  (Fig.  6 B). 
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Fig.  6.  NCoR  recruitment  by  the  RU486-liganded  AR  requires 

the  N  and  C  terminus  of  the  AR.  A,  CV1  cells  were  cotransfected 
with  a  VP16-AR  N  terminus  expression  vector  (VP16-ARNTD)  or  VP16- 
NCoRc  and  AR  DBD-LBD  in  the  presence  of  ARE4-Luc  and  the  pRL- 
CMV  control.  The  indicated  ligands  were  added  for  24  h,  and  luciferase 
versus  Renilla  luciferase  activities  were  determined  from  triplicate 
samples  The  data  are  expressed  as  RLU  ±  S.E.  B.  cells  were  transfected 
with  the  pG5-Luc  and  pRL-CMV  reporters  in  the  presence  of  Gal4- 
ARLBD  and  either  VP16-ARNTD  or  VP16-NCoRc  in  the  presence  of 
DHT  or  RU486  for  24  h.  Luciferase  versus  Renilla  luciferase  activities 
were  determined  from  triplicate  samples.  C,  an  identical  paradigm  was 
used  with  the  pG5-Luc  and  pRL-CMV  reporters  in  the  presence  of 
Gal4-NCoRc  with  either  AR,  VP16-AR,  or  VP16-ARLBD  in  the  presence 
of  RU486. 


Finally,  in  the  converse  two-hybrid  experiments  we  have  not 
detected  an  interaction  between  the  RU486-liganded  VP16-AR 
LBD  and  Gal4-NCoRc,  while  the  full-length  RU486-liganded 
AR  is  strongly  recruited  by  Gal4-NCoRc  (Fig.  6C).  Taken  to¬ 
gether  these  data  indicated  that  the  recruitment  of  NCoR  to 
the  RU486-liganded  AR  required  both  the  AR  N  terminus  and 
LBD. 

NCoR  Binding  to  the  RU486-liganded  AR  Is  Receptor  Inter¬ 
action  Domain-specific — Although  NCoR  binding  to  the  RU486- 
liganded  AR  LBD  alone  could  not  be  detected  in  the  above  exper¬ 
iments,  we  hypothesized  that  one  or  more  of  the  NCoR  RIDs 
contributed  to  the  strong  interaction  between  NCoR  and  the 
RU486-liganded  full-length  AR.  Therefore,  a  series  of  NCoR 
mutants  that  lacked  individual  RIDs  and  thus  their  respective 
CoRNR  boxes  were  fused  to  the  Gal4-DNA  binding  domain  and 
tested  for  interaction  with  the  full-length  AR  fused  to  the  VP16 
activation  domain.  As  shown  in  Fig.  7,  deletion  of  the  N-termi- 


nal  RID,  N3  (Gal4-N2N1),  which  is  required  for  NCoR  to  bind 
the  TR,  enhanced  the  interaction  with  the  RU486-liganded  AR, 
as  well  as  with  the  DHT-liganded  and  -unliganded  AR.  This 
enhancement  was  not  due  to  increased  expression,  as  all  of  the 
constructs  were  expressed  at  similar  levels  (data  not  shown), 
and  may  reflect  more  optimal  folding.  Consistent  with  the  lack 
of  a  role  for  N3,  the  Gal4-N3  construct  was  inactive.  In  con¬ 
trast,  deletion  of  the  C-terminal  N1  RID  (Gal4-N3N2),  abro¬ 
gated  recruitment  of  the  RU486-liganded  AR.  Significantly,  we 
have  shown  previously  that  this  construct  (Gal4-N3N2)  is  able 
to  strongly  recruit  the  unliganded  TR  (34). 

To  confirm  and  extend  these  findings  in  the  context  of  an 
intact  AR,  we  generated  additional  NCoR  constructs  fused  to 
the  VP16  activation  domain.  Consistent  with  the  above  results, 
the  VPI6-NC0R  (2021)  construct  (deletion  of  N3)  interacted 
very  strongly  with  the  RU486-liganded  AR  (Fig.  IB).  The  re¬ 
moval  of  N2  in  the  VPI6-NC0R  (2083)  construct  resulted  in 
decreased  activity.  This  was  not  because  of  lower  expression  as 
these  constructs  were  similarly  expressed  (data  not  shown), 
and  indicated  that  N2  contributed  to  the  AR  interaction.  The 
deletion  of  N1  in  the  VPI6-NC0R  (2294)  construct  further 
reduced  interaction  with  the  RU486-liganded  AR  to  baseline 
levels.  Significantly,  this  latter  VPI6-NC0R  (2294)  construct 
still  contains  a  putative  C-terminal  LXXLL  NR  box  shown 
previously  to  interact  with  the  ER|3,  indicating  that  this  NR 
box  does  not  mediate  the  AR  interaction  (44).  Taken  together 
these  data  indicate  that  both  N2  and  N1  contribute  to  NCoR 
binding  by  the  RU486-liganded  AR,  consistent  with  a  single 
NCoR  molecule  binding  to  the  AR  homodimer.  However,  inter¬ 
action  domain  specificity  is  important  as  the  interaction  is  not 
supported  by  N3,  and  may  be  dependent  on  Nl. 

To  verify  that  the  interactions  between  the  RU486-liganded 
AR  and  the  NCoR  RIDs  could  occur  directly,  we  employed  a 
GST  fusion  protein  containing  N2  and  Nl,  GST-NCoR  (N2N1) 
and  used  it  pull  down  a  variety  of  AR  moieties.  To  ensure 
proper  folding  of  the  AR,  we  transfected  cells  with  the  AR 
constructs  used.  As  shown  in  Fig.  7 C,  GST-NCoR  (N2N1)  is 
able  to  recruit  the  DHT-liganded  full-length  AR  without  need 
of  N3,  which  is  consistent  with  the  results  shown  in  Fig.  7,  A 
and  B.  Furthermore,  the  RU486-liganded  AR  was  recruited 
more  strongly,  supporting  the  data  derived  from  both  one  and 
two-hybrid  assays.  Significantly,  the  AR  LBD  alone  was  re¬ 
cruited  by  GST-NCoR  (N2N1)  and  this  recruitment  was  also 
enhanced  by  RU486.  This  result  supports  the  conclusion  that 
RU486  modifies  the  structure  of  the  AR  LBD  to  stimulate 
CoRNR  box  binding.  However,  this  binding  is  apparently  too 
weak  to  detect  in  reporter  gene  assays.  Finally,  we  assessed  the 
ability  of  the  AR  N-DBD  to  be  recruited  directly  by  GST-NCoR 
(N2N1).  Indeed,  a  direct  interaction  was  observed,  suggesting 
that  the  surface  of  NCoR  that  recruits  the  AR  N  terminus  lies 
in  the  N2N1  region  (Fig.  7C). 

AR  N -terminal  FXXLF  Motif  Is  Not  Required  for  NCoR  In¬ 
teraction  with  the  RU486-liganded  AR — The  strong  interaction 
between  NCoR  and  the  RU486-liganded  full-length  AR,  but  not 
the  isolated  RU486-liganded  AR  LBD  in  mammalian  cells, 
indicates  a  critical  role  for  the  AR  N  terminus  in  NCoR  binding. 
AR  N-terminal  binding  to  the  agonist-liganded  AR  LBD  is 
mediated  primarily  by  an  N-terminal  LXXLL-like  peptide, 
FQNLF.  Although  the  RU486-liganded  AR  LBD  does  not  inter¬ 
act  strongly  with  the  AR  N  terminus  in  mammalian  two-hybrid 
assays,  this  peptide  may  nonetheless  contribute  to  stabilizing 
NCoR  binding.  Therefore,  mutations  in  this  peptide  were  ex¬ 
amined  for  their  effect  on  NCoR  binding.  The  F23A  mutation 
markedly  impairs  AR  N-terminal  interaction  with  the  DHT- 
liganded  LBD  and  substantially  reduces  DHT  stimulated  tran¬ 
scriptional  activity  (Fig.  8,  A  versus  B).  However,  this  mutation 
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Fig.  7.  NCoR  is  recruited  to  the  AR 
via  a  specific  C-terminal  interaction 
domain.  A,  the  indicated  regions  of 
NCoR  were  fused  to  the  Gal4-DBD  and 
cotransfected  with  VP16-AR  in  the  pres¬ 
ence  of  pG5-Luc  and  pRL-CMV.  Cells 
were  treated  for  24  h  with  DHT  or  RU486 
and  cells  were  assayed  as  described.  The 
data  are  expressed  as  RLU  ±  S.E.  B,  the 
indicated  regions  of  NCoR  were  fused  to 
VP  16  and  cotransfected  with  the  full- 
length  AR  in  the  presence  of  the  ARE -Luc 
reporter  and  the  pRL-CMV  control.  Cells 
were  treated  for  24  h  with  DHT  or  RU486, 
and  cells  were  assayed  as  described.  C, 
purified  GST-NCoR  (N2N1)  versus  GST 
alone  were  used  to  pull-down  the  indi¬ 
cated  AR  moiety  that  was  produced  in  the 
presence  of  10  nM  DHT  or  RU486  in  trans¬ 
fected  CV1  cells.  Bound  AR  was  detected 
by  immunoblotting  with  polyclonal  rabbit 
antibody  to  the  AR  N  terminus  for  the  AR 
and  AR  N-DBD  and  C  terminus  for  the 
AR  LBD.  I,  5%  of  input  AR. 
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Fig.  8.  AR  N-C-terminal  interactions  are  not  required  to  recruit  NCoR.  The  indicated  AR  expression  vectors  wild  type  AR  (A),  AR  AQNLF 
CB),  and  AR  FQNAA  (C)  were  cotransfected  with  VP16-NCoRc  in  the  presence  of  ARE-Luc  and  pRL-CMV.  Cells  were  treated  with  the  indicated 
amounts  of  DHT  or  RU486  for  24  h  and  assayed  for  luciferase  activity.  The  data  are  expressed  as  RLU  ±  S.E.  D,  an  identical  paradigm  was  used 
to  compare  the  wild-type  AR  to  the  deletion  of  amino  acids  23-27  of  the  AR  in  the  context  of  the  full  AR  and  VP16-NCoRc.  Cells  were  treated  and 
assayed  as  described  above.  E ,  cells  were  cotransfected  with  the  WT  AR  or  the  truncated  ARdell-366,  with  VP16-NCoRc,  in  the  presence  of 
ARE-Luc  and  pRL-CMV.  Cells  were  treated  with  10  nM  DHT  or  RU486  for  24  h  and  assayed  for  luciferase  activity. 


did  not  impair  VP16-NCoRc  binding  to  the  RU486-liganded 
AR.  Moreover,  it  did  not  decrease  the  apparent  high  affinity  for 
RU486  (with  maximal  interaction  at  between  1-10  nM)  (Fig. 
85).  The  LF26,27AA  double  mutation,  which  also  impairs  N-C- 
terminal  interaction  and  transactivation  by  the  DHT-liganded 
AR,  similarly  failed  to  prevent  NCoR  binding  by  the  RU486- 
liganded  AR  (Fig.  80.  Finally,  deletion  of  all  five  residues 
(ARdel23-27)  also  failed  to  prevent  AR  interaction  with  VP16- 
NCoRc  in  the  presence  of  RU486.  Taken  together,  these  results 
demonstrate  that  the  AR  N  terminus  contributes  to  NCoR 


binding  via  interactions  that  are  distinct  from  those  that  me¬ 
diate  binding  to  the  DHT-liganded  AR  LBD. 

Previous  studies  have  shown  that  the  AR  LBD  can  strongly 
repress  a  transactivation  domain  in  the  AR  N  terminus  located 
between  amino  acids  360-528,  termed  transcription  activation 
unit-5  (TAU-5),  suggesting  that  this  region  may  stabilize  NCoR 
binding  to  the  LBD  (45,  46).  Interestingly,  an  FXXLF-like  motif 
(WHTLF)  that  can  interact  with  the  AR  LBD  is  also  located  in 
this  region  of  the  N  terminus  (amino  acids  433-437)  (19).  To 
determine  whether  NCoR  binding  was  stabilized  by  this  region 
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of  the  AR  N  terminus,  we  examined  an  AR( dell-366)  mutant. 
Consistent  with  previous  data,  this  mutant  had  substantially 
reduced  transcriptional  activity  in  response  to  DHT  (Fig.  8 E). 
However,  neither  the  DHT  or  the  RU486-liganded  AR(dell- 
366)  were  activated  by  VPI6-NC0R.  This  result  indicated  that 
NCoR  binding  was  not  responsible  for  repression  of  AR( dell- 
366),  and  that  site(s)  N-terminal  to  amino  acid  366  were  re¬ 
quired  for  NCoR  binding. 

DISCUSSION 

The  AR  plays  a  critical  role  in  prostate  cancer  development 
and  progression,  and  hormonal  therapies  that  ablate  androgen 
action  remain  as  critical  mainstays  of  therapy.  However,  pros¬ 
tate  cancers  invariably  become  refractory  to  androgen  ablation 
therapies,  probably  through  diverse  mechanisms  that  restore 
AR  transcriptional  activity  despite  the  presence  of  castrate 
androgen  levels  or  currently  used  AR  antagonists  (7,  8).  We  and 
others  have  previously  demonstrated  that  the  corepressors 
NCoR  and  SMRT  can  associate  with  the  AR  and  inhibit  AR 
transcriptional  activity,  but  the  roles  these  corepressors  play  in 
mediating  AR  responses  to  physiological  agonists  or  to  antag¬ 
onists  used  for  prostate  cancer  treatment  have  not  been  deter¬ 
mined  (24-27).  This  study  confirmed  the  role  of  endogenous 
NCoR  as  a  negative  regulator  of  AR  activity,  and  indicated  that 
agonist  stimulated  AR  activity  may  be  determined  by  the  rel¬ 
ative  levels  of  NCoR  versus  coactivators.  Significantly,  while 
bicalutamide  and  other  AR  antagonists  used  for  prostate  can¬ 
cer  treatment  could  support  AR  recruitment  of  NCoR,  RU486 
was  unique  in  its  ability  to  markedly  enhance  the  AR-NCoR 
interaction.  This  interaction  was  dependent  on  both  the  AR 
LBD  and  the  N-terminal  domain,  the  latter  being  independent 
of  the  FXXLF  motif  that  mediates  agonist-stimulated  AR  N-C- 
terminal  interactions.  Taken  together,  these  results  have  iden¬ 
tified  a  novel  mechanism  for  AR  recruitment  of  NCoR,  which 
may  be  exploited  for  the  development  of  potent  AR  antagonists 
with  activity  in  early  and  potentially  advanced  prostate  cancer. 

The  role  of  endogenous  NCoR  in  AR  action  was  shown  by 
siRNA  experiments,  with  NCoR  down-regulation  causing  an 
increase  in  DHT  stimulated  AR  activity.  Chromatin  immuno- 
precipitation  experiments  in  LNCaP  prostate  cancer  cells  fur¬ 
ther  demonstrated  DHT-dependent  NCoR  recruitment  in  vivo 
to  both  the  PSA  and  p21  promoters.  NCoR  associates  with 
HDAC3,  and  it  seems  likely  that  histone  deacetylase  activity 
contributes  to  NCoR-mediated  AR  repression  in  vivo  (47,  48). 
Nonetheless,  we  found  previously  that  AR  repression  by  trans¬ 
fected  NCoR  was  dependent  upon  the  C-terminal  RIDs,  and 
was  not  abrogated  by  deletion  of  the  HD  AC  interacting  N- 
terminal  repressor  domains.  The  data  in  this  study  show  that 
an  alternative  mechanism  of  repression  is  through  inhibition  of 
coactivator  binding  to  the  AR  N  terminus.  Significantly,  a 
recent  study  also  found  DHT  dependent  recruitment  of  TBL 
and  TBLR1  to  the  PSA  gene  (49).  These  proteins  form  a  com¬ 
plex  with  NCoR  and  HDACs,  and  transcriptional  activation  of 
other  nuclear  receptors  is  linked  to  proteosome-mediated  deg¬ 
radation  of  this  complex.  Therefore,  these  data  indicate  that 
NCoR  may  function  in  recruitment  of  the  TBL  complex  to  the 
DHT-liganded  AR,  and  that  NCoR  degradation  may  be  re¬ 
quired  for  full  AR  activation  by  DHT. 

Previous  studies  using  chromatin  immunoprecipitation  dem¬ 
onstrated  that  NCoR  could  be  recruited  to  the  PSA  gene  by 
bicalutamide  (31,  32).  This  AR  antagonist  is  widely  used  for 
prostate  cancer  treatment,  but  has  very  limited  efficacy  in  the 
treatment  of  androgen  independent  disease.  Significantly,  we 
found  that  the  AR-NCoR  interaction  was  not  enhanced  by 
bicalutamide,  or  by  a  series  of  other  antagonists.  In  contrast, 
the  AR  partial  agonist  RU486  markedly  enhanced  AR  recruit¬ 
ment  of  NCoR  in  a  series  of  mammalian  one-  and  two-hybrid 


protein  interaction  experiments,  using  both  an  artifical  mul- 
timerized  ARE  and  endogenous  AREs  from  the  PSA  gene. 
Moreover,  NCoR  siRNA  enhanced  the  weak  partial  agonist 
activity  of  RU486,  indicating  that  endogenous  NCoR  is  re¬ 
cruited  by  the  RU486-liganded  AR  and  contributes  to  its  an¬ 
tagonist  activity.  Two  recent  studies  have  similarly  found 
NCoR  recruitment  by  the  RU486-liganded  AR,  and  previous 
studies  have  shown  that  RU486  can  recruit  NCoR  to  the  PR 
and  GR  (13,  28,  41-43).  The  unique  structural  feature  of 
RU486  is  a  bulky  group  in  the  11/3  position,  which  appears  to 
interfere  with  binding  of  coactivator  LXXLL-motifs  and  allow 
for  CoRNR  box  binding.  Taken  together,  these  studies  demon¬ 
strate  that  the  structure  of  the  AR  LBD  can  be  altered  by 
appropriate  ligands  to  markedly  enhance  NCoR  binding,  and 
suggest  that  such  ligands  may  function  as  more  potent  AR 
antagonists  than  bicalutamide  or  other  AR  antagonists  cur¬ 
rently  in  use  for  prostate  cancer  treatment. 

Recruitment  of  NCoR  to  the  DHT-liganded  AR  requires  one 
or  more  of  the  three  RIDs  in  the  C  terminus  of  NCoR,  as 
mutations  in  all  three  RIDs  abrogate  NCoR  repression  of  the 
DHT-liganded  AR.  The  NCoR  and  SMRT  RIDs  share  a  common 
helical  motif  (LXX(H/I)AZXI),  but  it  is  clear  that  differences 
among  the  domains  allow  for  nuclear  receptor  specificity  (34, 
37,  50-53).  The  most  N-terminal  of  the  NCoR  RIDs,  N3,  is 
required  to  recruit  the  TR.  This  RID  is  not  present  in  SMRT 
and  explains  the  preference  of  NCoR  for  the  TR  (34,  53).  The 
middle  NCoR  RID,  N2  prefers  the  TR  but  can  also  interact 
weakly  with  the  RAR.  The  unique  CoRNR  box  sequence  pres¬ 
ent  in  the  homologous  domain  in  SMRT,  S2  (ISEVI),  allows 
SMRT  to  preferentially  recruit  the  RAR  (36,  37).  The  C-termi¬ 
nal  domains  in  NCoR  and  SMRT,  Nl,  and  SI,  share  significant 
homology  and  have  been  shown  to  bind  to  RXR  isoforms 
strongly  and  to  be  recruited  to  PPARa  in  the  presence  of  an¬ 
tagonist  (54).  In  this  study  we  demonstrate  that  the  recruit¬ 
ment  of  NCoR  to  the  RU486-liganded  AR  requires  the  C-ter¬ 
minal  Nl  domain  and  is  enhanced  by  N2,  but  is  independent  of 
N3.  Furthermore,  the  interaction  between  N2  and  Nl  and  the 
DHT-  or  RU486-liganded  AR  is  mediated  by  a  direct  protein- 
protein  interaction.  These  findings  indicate  that  the  AR  ho¬ 
modimer  may  be  similar  to  other  nuclear  receptor  dimers, 
which  recruit  a  single  NCoR  molecule  via  two  RIDs.  Preferen¬ 
tial  binding  of  Nl  by  the  AR  is  supported  by  a  recent  study 
examining  the  recruitment  of  SMRT  to  the  DHT-liganded  AR, 
which  found  that  the  homologous  SI  domain  interacted  most 
strongly  in  GST  solution  assays  with  the  AR  (26).  Whether  the 
additional  preference  for  N2  instead  of  N3  is  secondary  to  its 
closer  proximity  to  Nl  or  to  its  sequence  is  not  yet  clear. 
Further  mutational  studies  are  underway  to  understand  the 
structural  mechanism  by  which  separate  NCoR  RIDs  are  re¬ 
cruited  to  the  AR,  and  these  should  aid  in  the  rational  design  of 
new  potent  AR  antagonists. 

While  the  AR  LBD  is  necessary  for  NCoR  recruitment,  our 
data  show  that  the  AR  N  terminus  is  also  required  for  a  strong 
AR-NCoR  interaction.  NCoR-mediated  repression  of  the  consti¬ 
tutive  transcriptional  activity  of  the  isolated  AR  N-terminal  do¬ 
main  supports  a  direct  interaction  between  NCoR  and  the  AR  N 
terminus.  This  direct  interaction  is  further  supported  by  the 
ability  of  NCoR  to  directly  bind  to  the  AR  N  terminus  in  a 
protein-protein  interaction  assay.  Moreover,  NCoR  strongly  re¬ 
pressed  AR  coactivation  by  SRC-1  and  -2,  which  interact  primar¬ 
ily  with  the  AR  N-terminal  domain.  As  an  alternative  to  a  direct 
interaction  between  NCoR  and  the  AR  N-terminal  domain,  NCoR 
binding  to  the  AR  LBD  may  instead  be  stabilized  indirectly  by  an 
interaction  between  the  AR  N  terminus  and  LBD.  However,  in 
contrast  to  the  DHT-liganded  AR  LBD,  the  RU486-liganded  AR 
LBD  does  not  interact  with  the  AR  N  terminus  in  mammalian 
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two-hybrid  protein  interaction  assays.  Furthermore,  mutation  or 
deletion  of  the  EXXLF  motif  from  the  proximal  AR  N  terminus 
does  not  impair  NCoR  binding  to  the  RU486-liganded  AR.  Sig¬ 
nificantly,  a  recent  study  found  that  NCoR  binding  to  the  RU486- 
liganded  GR  was  similarly  dependent  on  the  GR  N  terminus,  and 
direct  interactions  between  the  AR  N  terminus  and  SMRT  have 
been  reported  (25,  27,  55).  Taken  together,  these  studies  indicate 
that  a  common  motif  in  the  AR  and  GR  N  termini  may  bind  to 
NCoR  (and  possibly  SMRT),  and  that  this  interaction  (in  conjunc¬ 
tion  with  the  NCoR-AR  LBD  interaction)  is  required  for  stable 
AR-NCoR  binding. 

In  summary,  the  data  presented  in  this  report  demonstrate 
that  NCoR  is  a  physiological  regulator  of  the  agonist-liganded 
AR,  and  that  the  relative  expression  of  NCoR  versus  AR  coac¬ 
tivators  may  in  part  regulate  distinct  AR  responses  to  andro¬ 
gens  in  different  target  tissues.  This  study  further  shows  that 
the  AR-NCoR  interaction  is  not  enhanced  by  AR  antagonists 
used  currently  for  the  treatment  of  prostate  cancer,  but  can  be 
markedly  enhanced  by  RU486.  NCoR  interaction  with  the 
RU486-liganded  AR  is  mediated  by  the  AR  LBD  and  by  a  site 
in  the  AR  N  terminus.  Importantly,  a  further  consequence  of 
the  recruitment  of  NCoR  and  the  AR  N  terminus  by  the  RU486- 
liganded  AR  may  be  to  stabilize  RU486  binding,  accounting  for 
the  activity  of  RU486  in  the  nanomolar  range  versus  the  mi- 
cromolar  range  for  bicalutamide.  In  any  case,  RU486  clearly 
represents  a  new  class  of  AR  antagonists  that  will  likely  have 
novel  activities  in  vivo.  Clinical  trials  of  RU486  or  related  drugs 
are  needed  to  determine  whether  these  may  be  more  efficacious 
than  currently  available  AR  antagonists  in  the  treatment  of 
prostate  cancer,  particularly  advanced  androgen  independent 
prostate  cancer. 
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